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Introduction 

The ''energy c r i s i s ' '  o f  the 1970's rek ind led  i n t e r e s t  and research i n  drag 

reduc t ion  techniques f o r  a l l  types of t r a n s p o r t a t i o n ;  land, sea, and a i r .  As i n  

any research, t h e  kernel  problem fo r  drag reduct ion i s  t h e  genesis and 

development o f  new approaches, techniques, i n s i g h t s ,  and understanding. One 

source of i n s p i r a t i o n  fo r  a l t e r n a t i v e  drag reduct ion approaches i s  a renewed 

study o f  Avians and Nektons, i.e., f l i e r s  and swimmers i n  t h e  na tura l  world. The 

presumption i s  t h a t  drag reduct ion adaptat ions have evolved f o r  improved 

e f f i c i e n c y  o r  speed, o r  both; thereby a i d i n g  species s u r v i v a l  i n  t h e  Darwinian 

sense. Such a study should r e s u l t  i n  (a) i d e n t i f i c a t i o n  o f  approaches which 

technology could pursue and, i f  successful, opt imize f o r  p r a c t i c a l  a p p l i c a t i o n ;  

( b )  i d e n t i f i c a t i o n  o f  instances where e x i s t i n g  human-derived technology occurs i n  

t h e  n a t u r a l  world; and ( c )  improved understanding of animal form and funct ion.  

The present a r t i c l e  documents the  current  s ta tus  o f  such an examination pursued 

i n t e r m i t t e n t l y  over the  l a s t  10 years by t h e  authors f o r  u l t i m a t e  a p p l i c a t i o n  t o  

such systems as a i r c r a f t ,  submersibles, sur face ships, and long-distance 

p ipe l ines .  

An appropr ia te  beginning i s  t o  d e f i n e  and de l ineate  t h e  var ious forms o f  

drag a f f e c t i n g  both .natural  and man-made f l i e r s  and swimmers. P o t e n t i a l l y  t h e  

l a r g e s t  drag component i s  pressure o r  form drag which i s  p a r t i c u l a r l y  troublesome 
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when f low separat ion occurs. 

the  viscous i n f l uence  upon t h e  ideal  o r  i n v i s c i d  f low pressure f i e l d .  Some 

pressure drag, of a r e l a t i v e l y  benign l e v e l ,  occurs even i f  t h e  f low i s  attached, 

s imply due t o  the  uncambering of the sur face by viscous-induced f l o w  

displacement. 

tremendously. Therefore, the foremost cons idera t ion  f o r  drag c o n t r o l  and 

m i t i g a t i o n  f o r  species su rv i va l  and e f f i c i e n c y  i s  probably t h e  avoidance o f  f low 

separat ion.  The two remaining drag components ( f o r  submerged swimmers and 

f l i e r s ) ,  s k i n - f r i c t i o n  drag and drag-due- to - l i f t ,  are usua l l y  of t he  same order 

and much smal ler  than the  pressure o r  form-drag component, except i n  the  at tached 

f l o w  case. S k i n - f r i c t i o n  drag i s  the r e s u l t  o f  the no -s l i p  boundary cond i t i on  on 

the  sur face and can be e i t h e r  laminar ( low drag, low Reynolds number) o r  

t u r b u l e n t  (h igh  drag, h igh Reynolds number). I n  fact ,  the  maintenance of laminar 

f l o w  t o  h igher  Reynolds numbers i s  an obvious, and c u r r e n t l y  much i n  vogue 

(aga in ) ,  technique f o r  ob ta in ing  s k i n - f r i c t i o n  reduction. 

mechanisms are not  independent and, as the  laminar case i s  more e a s i l y  separated, 

i t  may be advantageous t o  a r t i f i c a l l y  t r i p  the  f low t u r b u l e n t  t o  avoid the  l a r g e  

pressure drag penal ty  associated wi th  separated flow. The remaining drag 

component, d rag-due- to - l i f t ,  i s  caused by f low s p i l l a g e  on l i f t i n g  surfaces from 

h igh  t o  low pressure regions and a f f e c t s  both f l i e r s ,  which requ i re  l i f t  t o  

remain i n  t h e  a i r ,  and swimmers, many o f  which u t i l i z e  " l i f t i n g  surfaces" f o r  

p ropu ls ion  and con t ro l  . 

The basic physics fo r  t h i s  drag component invo lves  

However, once flow separat ion occurs t h i s  drag component increases 

The var ious drag 

The bulk  of the drag reduct ion techniques i d e n t i f i e d  thus f a r  i n  t h e  na tu ra l  

wor ld  are discussed i n  the  present a r t i c l e  under t h e i r  appropr ia te  heading, e.g., 

(1) Form Drag Reduction, ( 2 )  Sk in -F r i c t i on  Drag Reduction, and ( 3 )  Drag-Due-to- 

L i f t  Reduction, so the  reader can gain an apprec ia t ion  f o r  the  d i v e r s i t y  o f  

"na tu ra l  I' drag reduction. As stated prev ious ly ,  these techniques can o f t e n  be 
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u t i l i z e d  fo r  e i t h e r  improved c ru i se  e f f i c i e n c y  o r  increased speed, depending upon 

the  eco log ica l  n iche occupied by the species. 

approaches are described: 

i .e., ca re fu l  human research demonstrates t h a t  the  method "works"; (b)  approaches 

f o r  which only  p re l im inary  data ex i s t s  and the re fo re  are only ten ta t i ve ;  and ( c )  

Three classes of drag reduc t i on  

(a )  those t h a t  have proven performance p o t e n t i a l ,  

morphological observat ions which, i n  t he  op in ion  o f  the  present authors, a re  

wor th f u r t h e r  s c i e n t i f i c  study t o  determine t h e i  r e f f i cacy .  

Form-Drag Reduction 

The fundamental problem i n  form-drag reduc t ion  i s  t o  avoid f l o w  separat ion,  

bo th  steady and unsteady (vor tex  shedding) , f o r  three-dimensional flows. The 

three-dimensional s p e c i f i c a t i o n  i s  impor tant  as the re  are few i f  any two- 

dimensional o r  t r u l y  axisymmetric creatures o r  c rea ture  pa r t s  i n  nature, a l though 

c lose  approximations are common i n  human technology. F low separat ion ( f l o w  

breakaway from t h e  surface) i s  induced by p o s i t i v e  o r  adverse pressure gradients ,  

i .e., pressure f i e l d s  where pressure increases i n  t h e  streamwise d i r e c t i o n .  

Typ ica l l y ,  t he  forward p o r t i o n  o f  the body i s  a reg ion  of f a l l i n g  pressure, wh i l e  

the  a f t e r  p o r t i o n  i s  subject  t o  increas ing pressure. Therefore, a f terbody 

reg ions are t h e  most prone t o  f low separat ion,  a l b e i t  perhaps l ess  so f o r  t h e  

three-dimensional "natura l  " bodies preva len t  f o r  Nektons and Avians as compared 

t o  t h e  two-dimensional and axisymmetric bodies of ten favored i n  human 

technology. Flow separat ion occurs due t o  a lack  of f l o w  momentum near t h e  

sur face  s u f f i c i e n t  t o  overcome t h e  i nc reas ing  pressure. 

t h e  sur face conta ins h igher  momentum, and t h e  cononical  f l o w  separat ion 

The l o c a l  flow f a r  from 

cont ro l /p ressure  drag-reduct ion problem i s  t o  t rans fe r  momentum toward t h e  wa l l  

reg ion  from the  outer  flow. 

Turbulent  f low - As s ta ted  i n  the  i n t roduc t i on ,  laminar f lows are much more 

separation-prone than the tu rbu len t  case, where dynamic eddying motions cause 
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outer - to - inner  (near wa l l  ) reg ion  momentum t r a n s f e r  which can delay separat ion.  

Therefore, one form of f l o w  separation c o n t r o l  i s  t he  establ ishment o f  t u r b u l e n t  

wa l l  flow. Adverse pressure gradients themselves c o n s t i t u t e  a major t u r b u l i z i n g  

f a c t o r  on the  f l o w  but i n  add i t i on  several species deploy roughness, us ing e i t h e r  

p r o j e c t i n g  bands near the  p o s i t i o n  o f  maximum body g i r t h  (e.g., Refs. 1-4) o r  

embedded (and unstable)  separated flow regions (such as on t h e  dragonf ly  wing, 

Ref. 5) , presumably t o  ensure t h e  presence o f  t u r b u l e n t  f l ow  over t h e  

af terbody.  This p a r t i c u l a r  ploy i s  on ly  usable i n  cases where (a)  t he  forward 

p o r t i o n  o f  t h e  animal i s  kept smooth and laminar  f o r  low drag (Ref. 3) and (b )  

t h e  Reynolds number ( r a t i o  o f  dynamic t o  v iscous fo rces )  i s  l a r g e  enough t o  a l l ow  

tu rbu lence produc t ion  us ing " t r i p s "  (geometric i r r e g u l a r i t i e s ) .  

f i s h g i l l s ,  pos i t i oned  near the  maximum g i r t h ,  may a l so  prov ide  a turbulence 

enhancement f u n c t i o n  (Ref. 6) ,  as could the  mass a d d i t i o n  from subdermal canals 

and pass ive porous surfaces (Refs. 7,8) and fea the r  p o r o s i t y - i  nduced sur face 

bleed. For t h e  f u l l y  laminar lower Reynolds number case, t h e  "na tu ra l "  approach 

o f  choice f o r  pressure drag reduction i s  "design" fo r  reduced pressure gradient ,  

i.e., longer,  more gradual afterbody reg ion (e.g., Ref. 3), o r  use o f  a u x i l i a r y  

body fea tures  t o  e x p l o i t  favorable in te r fe rence,  such as t h e  a l u l a  near t h e  

l e a d i n g  edge o f  b i r d  wings (Refs. 9 and 10, s i m i l a r  t o  t h e  leading-edge s l o t  

u t i l i z e d  on a i r c r a f t ) .  Turbu l i za t ion  o f  t he  caudal o r  p ropu ls i ve  f i n  i s  probably 

hastened by t h e  small scale turbulence shed by the  caudal f i n l e t s  due t o  swimming 

body motions (Ref. 3 ) .  

The e f f l u x  from 

Vortex generators - An a l t e r n a t i v e  approach f o r  t r a n s f e r r i n g  momentum toward 

t h e  wa l l  f o r  f l ow  separat ion contro l  i s  the  establ ishment  o f  " s ta t i ona ry "  

1 ongi t u d i  na l  vor tex  motions. Such "vor tex generators" were "d i  scovered" i n  the  

l abo ra to ry  and researched i n  t h e  1940s and 1950s and are  u t i l i z e d  ex tens ive ly  and 

r o u t i n e l y  i n  human f l u i d  f low technology. T h e i r  appearance i n  nature 
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considerably  antedates t h e i r  human discovery. Vortex generator r e a l i z a t i o n s  i n  

the  na tu ra l  wor ld i nc lude  the  owl leading-edge comb (Refs. 9 and ll), c e r t a i n  

b i r d  feathers which ''pop-up'' under c r i t i c a l  load ing  (Ref. 10) and shark dermal 

d e n t i c l e s  and o ther  scales which deform d i f f e r e n t i a l l y  upon body motion (Refs. 12 

and 13), and t h e  small separate ly  se t  f i n l e t s  behind t h e  second dorsa l  and anal 

f i n s  on many fast-swimming f i s h  (Refs. 2, 3, and 14). For three-dimensional 

bodies and/or angle of a t tack ,  large sca le  nose-region induced v o r t i c e s  can 

c o n t r o l  1 eeside separated f l  ows and f i g h t e r  a i  r c r a f t  des i  qners are adapt ing t h e  

''shark nose" c o n f i g u r a t i o n  as a resu l t  o f  s tud ies  which i n d i c a t e  t h a t  t h i s  nose 

shape produces v o r t i c e s  which are much more e f f e c t i v e  i n  separat ion c o n t r o l  than 

"convent ional "  axisymmetric noses. Large sur face grooves, both l o n g i t u d i n a l  and 

t ransverse,  have a l so  proven successful i n  reducing f l ow  separat ion through 

vo r tex  p roduc t ion  and a l t e r a t i o n  (Ref. 15). Studies a t  NASA Langley o f  t y p i c a l  

cactus shapes i n d i c a t e  s i zab le  pressure drag reduct ions from a l t e r a t i o n  o f  t h e  

w e l l  known Karman vor tex  s t r e e t  by the  t ransverse body grooves. Examples o f  

l o n g i t u d i n a l  body grooves i n  the  natural  wor ld i nc lude  s h e l l  indenta t ions  (Ref. 

16). These two cases, cactus and shel ls,  are examples o f  organisms which, wh i l e  

be ing q u i t e  s ta t i ona ry ,  s t i l l  " l i v e  fast , "  i .e., c a c t i a  i n  high deser t  windstorms 

and s h e l l s  i n  underwater cur ren ts  i n  t h e  benth ic  boundary layer.  Leaf deforma- 

t i o n  t o  minimize drag i n  h igh  winds f a l l s  under the  same catagory. As a f i n a l  

no te  under t h e  heading o f  "Vortex Generators," swimming body motions can l o c a l l y  

induce dynamic favorab le  pressure gradients (along w i t h  v o r t i c e s )  which can bo th  

de lay  separat ion and reduce turbulence production. 

Mass Trans fer  - Another a l t e r n a t i v e  approach t o  "energ iz ing"  the  near-wal l  
- .. 

f l o w  t o  obv ia te  separat ion drag i s  t o  simply add momentum d i r e c t l y  by b lowing a t  

h igh  speed along t h e  wal l .  

i n  nature by f i s h  which c lose  down the  inboard g i l l  du r ing  tu rns  and shunt t h e  

This i s  again widely  used i n  i ndus t r y  and i s  u t i l i z e d  
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g i l l  e f f l u x  i n t o  the  outboard, separat ion prone, reg ion  o f  t he  body (Ref. 17). 

The o r i e n t a t i o n  and placement o f  t h e  g i l l  openings are  p a r t i c u l a r l y  we l l  s u i t e d  

t o  t h i s  j e t  b lowing technique, (Ref. 18) which i s  a t  t h e  hear t  o f  much o f  t he  

h i g h - l i f t  a v i a t i o n  technology. An a l t e r n a t i v e  mass t r a n s f e r  technique i s  pass ive 

"bleed" o r  u t i l i z a t i o n  o f  porous surfaces and subdermal channels i n  combination 

w i t h  t h e  body/wing pressure f i e l d  t o  remove t h e  i nne r  (near w a l l )  l a w  momentum 

reg ion  o f  t he  f low i n  separat ion prime regions (Refs. 7 and 8). 

Adaptat ions fo r  body i n t e r s e c t i o n  regions - This sec t ion  describes adapta- 

t i o n s  f o r  handl ing more l o c a l i z e d  flow separat ion c o n t r o l  problems engendered by 

body-appendage in te rsec t ions .  The pressure f i e l d  associated w i t h  i n t e r s e c t i o n  

reg ions t y p i c a l l y  produces a horseshoe o r  necklace vor tex  which wraps around t h e  

base of t h e  appendage (wing, f in,  etc.) and streams back along t h e  body. This  

vo r tex  usua l l y  cons t i t u tes  a ne t  drag increase as, i n  t h i s  case, i t  i s  no t  

genera l l y  employed t o  c o n t r o l  an even l a r g e r  separated flow region. A f u r t h e r  

separa t ion  drag problem with appendages occurs du r ing  maneuvering when the  

i n t e r s e c t i n g  body i s  no longer  a l inged w i t h  t h e  flow and the re fo re  tends t o  

c rea te  and shed la rge  separated flows. Natural  adaptat ions f o r  drag m i t i g a t i o n  

i n  i n t e r s e c t i o n  regions reduce t h e  causat ive t ransverse  pressure gradients  and 

i n c l u d e  (1) f i l l e t i n g ;  ( 2 )  sweeping, o f t e n  i n  a f a r  b e t t e r  and more soph is t i ca ted  

manner than cur ren t  p r a c t i c e  i n  man-made technology; (3)  e l a s t i c  deformation t o  

achieve optimum shape (Ref. 19) ; and (4 )  concent ra t ion  of muci n-produci ng c e l l  s 

(Ref . 20) . Deta i l s  o f  these natura l  " f a i r i n g s "  have been l i t t l e  s tud ied and such 

research cou ld  y i e l d  very va luable i n s i g h t  i n t o  pass ive techniques f o r  th ree-  

dimensional  vor tex cont ro l .  I n t e r s e c t i o n  separat ion induced by angle-of- 

yawlmanuevering i s  approached through va r iab le  geometry, i n  the  shark case t h e  

r e a r  p o r t i o n  o f  t he  appendage near t h e  sur face f l a p s  t o  t h e  s ide  as the  body i s  

moved p rov id ing  a " tu rn ing  vane" t o  guide the  f low. An adaptat ion about which 
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t h e r e  i s  cur ren t  speculat ion are the caudal f i n l e t s  and kee ls  which occur near 

the  caudal f in-body i n t e r s e c t i o n .  Along w i t h  p r o v i d i n g  muscle attachments f o r  

s ide- to-s ide movement of the  caudal f i n ,  these keel  appendages r o t a t e  t h e  major 

body ax is  90" ( f rom " v e r t i c a l  I' t o  "hor izon ta l  'I) and may thereby promote attached 

f low over t h e  caudal f i n .  The flow f i e l d  associated w i t h  caudal keels a lso 

requi res considerable f u r t h e r  study. 

body probably serve t o  segment t h e  organized v o r t i c i t y  shed by t h e  body due t o  

swimming motions and, when i n  pairs,  accelerate t h e  flow i n t o  the  caudal 

( p r o p u l s i v e )  f i n  (Ref. 2 ) .  

protuberance drag i s  t o  e l im ina te  the protuberance, and t h i s  i s  accomplished on 

some species by f o l d i n g  back various f i n s  i n t o  t h e  body a t  h igh speed (Refs. 3, 

6 ,  and 21).  

The caudal f i n l e t s  along t h e  margin o f  t h e  

One o f  t h e  most obvious methods o f  dea l ing  w i t h  

Fr i c t  i on Drag Reduct i on 

S k i n - f r i c t i o n  drag reduct ion i s  accomplished i n  nature through two basic 

approaches: 

through use o f  smooth surfaces and favorab le  pressure gradients,  and/or (b)  body 

smoothness/al terat ion o f  t h e  s t ruc tu re  o f  t u r b u l e n t  motions once t h e  near-wall 

f l o w  becomes tu rbu len t .  Obviously decreasing t h e  s k i n  f r i c t i o n  by l a r g e  amounts 

i n  t h e  presence o f  adverse pressure gradients  i s  inadvisable,  as t h i s  would 

i n v i t e  f low separat ion and attendent l a r g e  drag increases. 

f r i c t i o n  reduct ion technology i d e n t i f i e d  thus f a r  i n  t h e  n a t u r a l  wor ld  i s  f o r  t h e  

underwater case. 

(a )  maintenance o f  laminar ( low drag) flow as long as poss ib le  

Much o f  t h e  sk in-  

Surface "Addi t ives" - Except f o r  maintenance o f  laminar  f low, surface 

a d d i t i v e s  prov ide the  l a r g e s t  s k i n - f r i c t i o n  drag reduct ion payof f  i n  water. 

These a d d i t i v e s  are o f  three types: (a)  polymers, (b) sur factants ,  and (c )  

bubbles. 

drag-reduct ion behavior (Refs. 22 and 23) w i t h  maximum ef fec t i veness  occurr ing 

Deta i led  studies ind ica te  t h a t  most f i s h  sl imes e x h i b i t  s i g n i f i c a n t  
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upon depos i t ion  i n t o  the  very near-wall region. Drag reduct ions we l l  above 50 

percent are commonly measured f o r  the polymer case (Ref. 24). 

c teno id  scales i n  the  tu rbu len t  f low (and usua l l y  on ly  the  t u r b u l e n t  f l ow)  

regions o f  f i s h  (Refs. 3 and 25) suggests t h a t  the  t o o t h - l i k e  s t r u c t u r e  o f  these 

scales may a i d  i n  the  depos i t ion  o f  t h e  slime-polymer i n t o  t h e  c r i t i c a l  near-wall 

region. These " tee th"  are a sub-roughness and there fore  should not,  by 

themselves, a f f e c t  t h e  turbulence d i r e c t l y .  Also of i n t e r e s t  i n  connect ion w i t h  

polymer/s l ime i s  an apparent a n t i f o u l i n g  ac t i on  which precludes format ion o f  

drag/roughness inc reas ing  marine growth (Ref. 26). It should be po in ted  out  t h a t  

w h i l e  f i s h  s l ime does conta in  high molecular polymer compounds, such as mucupoly- 

saccharides, nuc le i c  acids,  and pro te ins  (Ref. 25), they a l so  conta in  su r fac tan ts  

i n  t h e  form o f  l i p i d s ,  phospholipids, and l i p o p r o t e i n s  (Refs. 27-30). It i s  on l y  

r e c e n t l y  t h a t  sur fac tan ts  were recognized as producing drag-reduct ion e f f e c t s  

s i m i l a r  t o  aqueous so lu t i ons  o f  polymer. 

reduc ing  sur fac tan ts  are genera l l y  h igher  than those f o r  polymers, su r fac tan ts  

a re  more robust  and do no t  e x h i b i t  the f r a c t i o n a t i o n  o r  mechanical degradat ion o f  

t h e  mol ecul  a r  complex exhi  b i  t ed  by h igh mol ecul  a r  wei gh t  polymers. 

The appearance of 

While optimum concentrat ions of drag- 

The o ther  add i t i ve ,  bubbles, decrease t h e  average dens i t y  near the  wa l l  and 

c a r e f u l  labora tory  s tud ies  again i nd i ca te  drag reduct ions above 50 percent. Both 

t h e  polymer and bubble mechanisms are unique t o  water app l i ca t ions .  

case, a l l  gases are approximately Newtonian, and t h e r e  i s  no i n j e c t a b l e  substance 

r e a d i l y  a v a i l a b l e  which has a much smal ler  densi ty.  

reduc t i on  i n  nature i s  s t i l l  speculat ive and concerns s a i l f i s h ,  seals, and 

penguins, where t r a v e l  near and through the a i r -water  i n t e r f a c e  could t r a p  a i r  

w i t h i n  body surface l aye rs  which i s  observed t o  "outgas" from t h e  sur face i n  

bubble form (Ref. 31). This i s  tenuous, as the  bubble sheet i s  n e i t h e r  massive 

n o r  continuous as requi  red  i n  the  laboratory  experiments w i t h  man-made devices . 

I n  the  a i r  

The use o f  bubble-drag 
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Morphology - Considerabley smallar O( 10%) but  s t i l l  i n t e r e s t i n g  l e v e l s  o f  

s k i n - f r i c t i o n  reduct ion are avai lab le from surface and body-geometry modif ica- 

t i o n s .  Laboratory s tud ies i n  t h e  USSR i n d i c a t e  t h a t  t h e  swordf ish sword serves 

as a drag-reducing device (Refs. 3 and 32). 

o f  t u r b u l e n t  f low on t h e  sword i t s e l f  through specia l  roughness provided by 

te rberc les ,  fo lds ,  and sp ine le ts  (Ref. 33), and takes advantage o f  t h e  f a c t  t h a t  

s k i n  f r i c t i o n  decreases as t h e  viscous o r  boundary l a y e r  th ickens on t h e  body 

along t h e  f l o w  d i r e c t i o n .  I n  t h e  swordfish case, the  h igh drag associated w i t h  

e a r l y l t h i n  t u r b u l e n t  layers  occurs on t h e  sword, which has a s m a l l  wetted area 

and hence a small t o t a l  drag. By the t ime the  t u r b u l e n t  f l o w  reaches the  main 

body o f  t h e  animal t h e  viscous layer i s  t h i c k  and t h e r e f o r e  t h e  drag per u n i t  

area i s  smal ler  over t h e  main body region, which contains t h e  major p o r t i o n  o f  

wetted surface. 

The mechanism involves establ ishment 

Another geometrical a l t e r a t i o n  associated w i t h  f r i c t i o n  drag reduc t ion  i s  

the  r i d g e  fea ture  occur r ing  on shark dermal d e n t i c l e s  (Refs. 25, and 34-37). 

These r idges are l i n e d  up w i t h  t h e  f low and are of a s i z e  and shape s i m i l a r  t o  

t h e  NASA " r i b l e t s "  (Ref. 38) u t i l i z e d  on t h e  12M yacht, Stars and Str ipes,  i n  t h e  

1987 America's Cup f i n a l s  i n  Aus t ra l ia  and i n  crew races i n  the  recent Olympics. 

Drag-Due-to-Li ft Reduction 

H i s t o r i c a l l y ,  drag-due- to- l i f t  reduc t ion  i n  nature has been stud ied f a r  l e s s  

than e i t h e r  pressure o r  f r i c t i o n - d r a g  reduct ion,  and even then mostly f o r  t h e  

a v i a n / a i r  case. This i s  curious, as s tud ies  i d e n t i f y  t h i s  drag component as 

genera l l y  of greater  import than f r i c t i o n  drag (Ref. 39). 

d rag-due- to - l i f t  reduct ion i s  t o  e i t h e r  make use of, o r  reduce, the  bleed f l o w  

which occurs from t h e  h igh t o  low pressure regions o f  a l i f t i n g  surface. 

f i r s t  and obvious p loy  i s  t o  increase the  span t o  chord r a t i o  (''aspect r a t i o " )  o f  

t h e  l i f t i n g  surface, as t h i s  makes t h e  t i p  flow less  and l e s s  important i n  t h e  

The basic problem i n  

The 
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o v e r a l l  dynamics. Such an approach i s  l i m i t e d  by s t ruc tu re /s t reng th  o f  ma te r ia l s  

considerat ions but i s  employed t o  the ex ten t  poss ib le  (e.g., a lbat ross wing 

aspect r a t i o  - 17, Ref. 40). 

reduc t ion  techniques inc lude the  use of t i p  s a i l s  o r  t i p  fea thers  t o  segment the  

vor tex which occurs a t  t he  t i p  due t o  the  h igh  t o  low pressure bleed (e.g., Refs. 

41 and 42). The general concept i s  t o  " u t i l i z e "  t h e  angled t i p  f low by deploy ing 

embedded surfaces ( s p l i t  t i p s )  which supply a t h r u s t  component f r o m  t h e i r  l i f t  

vector .  These t i p  feathers are used f o r  example on t h e  condor, ev ident ly  i n  l i e u  

o f  l a r g e r  aspect r a t i o ,  and are also use fu l  i n  p a r t i a l l y  "b lock ing"  the  w ing - t i p  

bleed. The other  reduct ion technique s tud ied  ex tens i ve l y  i s  wing upsweep (Ref. 

Other we1 1 documented "na tura l  'I drag-due-to-1 i f t  

- 

43). 

More recent ly ,  var ious underwater c rea tures  have been re-examined f o r  

morphological  features poss ib ly  associated w i t h  drag-due-to-1 i f t  reduction. This  

has resu l ted  i n  several  new avenues o f  research and some e a r l y  successes. The 

i n i t i a l  observat ions invo lved q u a l i t a t i v e  comparisons o f  caudal f i n  geometry as a 

f u n c t i o n  o f  s t r u c t u r a l  makeup. I n  general, as one proceeds f r o m  bone ( f i s h )  t o  

an exoskeleton (sharks) and f i n a l l y  t o  simple muscle (whale), the caudal f i n  

aspect r a t i o  tends t o  become (understandably f rom a s t r u c t u r a l  po in t  o f  view) 

smal ler ,  but  the  f i n  i t s e l f  tends t o  be more geomet r i ca l l y  complex. The 

suppos i t i on  was t h a t  the  var ious morphological complex i t ies  may tend t o  

compensate f o r  the  reduct ion i n  aspect r a t i o .  S p e c i f i c  fea tures  i d e n t i f i e d  f o r  

l a b o r a t o r y  study inc luded (a )  swept-back tapered t i p s  (which a lso  occur on 

b i r d s ) ;  (b )  serrated t r a i l i n g  edges, both l o c a l  near the  t i p  (shark) and a long 

t h e  e n t i r e  t r a i l i n g  edge (humpback whale, a l s o  many b i r d s ) ;  ( c )  leading-edge 

bumps (pec tora l  f i n  on humpback whale, head on hammerhead shark);  and (d )  " f i n  

rays"  o r  wavy f low-al igned surface r e l i e f ,  i n c l u d i n g  the  opt imal alignment o f  

d e n t i c l e s  near the  t i p .  These features are l i s t e d  i n  decreasing order o f  

10 



research a t t e n t i o n  received thus far. 

reduce drag-due- to- l i f t ,  a t  l e a s t  p a r t i a l l y  due t o  a v e r t i c a l  d i s t r i b u t i o n  of t h e  

l i f t  vec tor  (Refs. 44-46). Tests a t  NASA Langley i n d i c a t e  t h e  order  of 10 

percent reduc t ion  from ser ra ted  t r a i l i n g  edges, bu t  as y e t  t h e o r e t i c a l  

j u s t i f i c a t i o n  i s  lack ing,  due t o  the complex na ture  o f  t h e  f low. 

and leading-edge bumps are, up t o  t h i s  po in t ,  unexamined. 

i n d i c a t e  t h a t  spanwise gradients,  such as those induced by such bumps, can a l t e r  

s tagnat ion  p o i n t  placement, r o t a t e  the l i f t  vec tor  i n t o  the  t h r u s t  d i r e c t i o n ,  and 

The swept-back tapered t i p s  ev iden t l y  do 

The f i n  rays 

L im i ted  data (Ref. 47) 

l ead  t o  drag reduct ion.  

outboard p o r t i o n  of t he  indenta t ion  ev iden t l y  f l i p s  from s ide- to-s ide du r ing  

caudal f i n  motions thereby forming a combination "w ing le t "  and ser ra t ion .  

The shark t i p  i s  p a t i c l u l a r l y  i n t e r e s t i n g  as the  

V i  ab le  drag-due-to-1 i f t reduct ion techniques are o f  utmost importance i n  

a i r c r a f t  app l i ca t ions .  Research over t he  l a s t  10 years on s k i n - f r i c t i o n  

reduc t  i on ( 1 am 

fusel  ages) has 

reducing overa 

a i r c r a f t  opt im 

u t i l i z a t i o n  o f  

nar  f l ow  con t ro l  on wings, t u r b u l e n t  s k i n - f r i c t i o n  reduct ion f o  

y i e l d e d  f l  i gh t - ve r i f i ed ,  drag-reduct ion techniques capable o f  

1 f r i c t i o n  drag up t o  0(40%). However, s ince  convent ional  

ze near t h e  f r i c t i o n  drag I d r a g - d u e - t o - l i f t  condi t ion,  f u l l  

t h i s  f r i c t i o n  drag-reduction technology may no t  be poss ib le  

w i t h o u t  concomitant reduct ions i n  drag-due-to- l i f t ,  hence t h e  i n t e r e s t  i n  

candidate "na tu ra l "  drag- due-to-1 i f t  devices. Success i n  t h i s  area, i n  

combinat ion w i t h  the  s k i n - f r i c t i o n  reduct ion research a1 ready underway, should 

r e s u l t  i n  m u l t i - b i l l i o n  d o l l a r  year ly  fuel savings. 

Status of Porpoise Drag Reduction 

The present authors, when speaking on t h e  sub jec t  of drag reduc t ion  i n  

nature,  a re  i n v a r i a b l y  quer ied concerning do lph in  drag reduct ion.  This wide 

p u b l i c  i n t e r e s t  i n  t h e  do lph in  case ev ident ly  r e s u l t s  p r i m a r i l y  from a 

combinat ion o f  "Grey's Paradox" and the "compliant w a l l "  l i t e r a t u r e  o f  the '50's 
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and '60's. 

(s teady-state energy balance) , t h a t  t h e  drag of various underwater creatures , 

i n c l u d i n g  t h e  dolphin,  had t o  be i n o r d i n a t e l y  low t o  correspond t o  speed claims 

(Ref. 48). This was fol lowed i n  the '50's by an a r t i c l e  by Max Kramer c l a i m i n g  

t h a t  t h e  "compliant" do lph in  s k i n  damped t u r b u l e n t  motions (Ref. 49). 

S i r  James Grey, i n  t h e  l a t e  '30's suggested, based upon energet ics  

Research conducted i n  t h e  U.S. and t h e  Soviet  Union s ince t h e  Kramer a r t i c l e  

has considerably c l a r i f i e d  t h e  s i tua t ion .  

f l u c t u a t i o n  measurements obtained i n  t h e  boundary l a y e r  o f  a free-swimming 

d o l p h i n  and telemetered back t o  a shore s t a t i o n  (Refs. 50 and 51), and (b )  

energet ics  ca lcu la t ions .  I n  t h e  U.S. Lang i n f e r r e d  dolph in drag dur ing "coast-  

down" t e s t s  (Refs. 52 and 53). This research ind ica tes  t h a t  dur ing  coast ing 

(absence o f  swimming body motions) t h e  dolph in drag and boundary-layer behavior 

i s  nominal ly what one would expect w i thout  any special  drag reducing feature.  

Dur ing swimming a t  lower speeds, the Soviets observe a lower turbulence 

f l u c t u a t i o n  l e v e l  which they a t t r i b u t e  t o  l o c a l  pressure gradients  induced by t h e  

swimming body motion (Ref. 54). 

The Soviets have pub1 ished (a)  

A t  h igh speeds t h e  energet ics  do i n d i c a t e  l a r g e  apparent drag reductions. 

As expla ined by Weihs (Ref. 55), the dolphin,  when t r a v e l i n g  a t  h igh speed, s i n c e  

he has t o  breathe a i r  anyway, simply "porpoises," i.e., leaps out o f  the  water 

and thereby reduces h i s  drag fo rce  by a f a c t o r  o f  800 ( r a t i o  o f  densi ty  o f  a i r -  

to-water) .  Weihs argued t h a t  t h i s  more than pays f o r  the  i n t e r f a c e  or  wave drag 

and accounts f o r  the  abnormally low apparent drag c o e f f i c i e n t s  i n f e r r e d  from t h e  

assumption o f  f u l l y  submerged t r a v e l .  Further,  he argues t h a t  body s u r f i n g  on 

bow waves accounts f o r  c e r t a i n  near-ship q u a l i t a t i v e  do lph in speed 

observat ions.  Therefore, t o  f i r s t  order, there  ev ident ly  i s  noth ing 

e x t r a o r d i n a r y  w i t h  regard t o  dolphin drag. Controversary remains, however, w i t h  

respect  t o  t h e  drag i reduc t ion  ef fect iveness o f  do lph in mucin (Ref. 56). 
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The s ta tus  o f  research concerning the  compl iant  s k i n  e f fec t  upon t h e  near- 

wa l l  f l o w  i s  t h a t  both extensive theory and l i m i t e d  experimental data i n d i c a t e  a 

c o r r e c t l y  designed sof t  o r  compliant sur face can delay t r a n s i t i o n  from laminar  t o  

t u r b u l e n t  f low. There i s  a lack  of experimental r e p l i c a t i o n  by independent 

i n v e s t i g a t o r s  t o  b o l s t e r  sca t te red  claims o f  apparent compl iant  wa l l  drag 

reduc t ion  under tu rbu len t  f lows; a l t e r n a t i v e  explanat ions have, i n  fact ,  been 

advanced t o  expl a i  n many o f  the observations. 

Rehavori a1 Techniques f o r  Reduci nq Drag 

The "porpois ing"  o r  leap ing  out o f  the  water discussed i n  the  previous 

s e c t i o n  i s  an obvious example o f  drag reduc t ion  through behavioral  

mod i f i ca t i on .  Another example analyzed i n  References 57 and 58 i s  an a l t e r n a t i n g  

g l i d i n g  and swimming behavior f o r  underwater creatures which lack  swim bladders, 

and t h e r e f o r e  must "swim t o  l i ve ; "  i.e., t o  avoid s ink ing.  

swimming i s  estimated t o  be much la rge r  than t h a t  w h i l e  g l i d i n g  (due l a r g e l y  t o  

d rag -due- to - l i f t / vo r tex  shedding drag), t he re  i s  a favorab le  energy b e n e f i t  i n  

swimming i n t e r m i t t e n t l y  and maximizing g l i d i n g  time. 

m o d i f i c a t i o n  r e s u l t i n g  i n  drag reduct ion i nvo l ves  cooperat ive behavior. The 

"upwash" associated w i t h  drag-due-to-1 i f t  f rom one i n d i v i d u a l  can be u t i l i z e d  by 

As the  drag w h i l e  

Another behavioral  

h i s / h e r  neighbors (wh i l e  swimming/flying i n  format ion)  t o  ease t h e i r  p ropu ls ion  

energy requirements (Refs. 59-61). The V-shaped format ion o f  m ig ra t i ng  Canadian 

geese i s  a t y p i c a l  example. 

It should be obvious from t h e  examples o f  na tu ra l  drag reduct ion c i t e d  

he re in  t h a t  mankind has much t o  gain from cont inued study of na tura l  hydro- and 

aeromechanics . 
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